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Cadmium enhances potassium conductance in cultured renal
epitheloid (MDC K) cells
A. JUNGWIRTH, M. PAULMICHL, and F. LANG
Institute for Physiology, University of Innsbruck, Fritz Preglstr.3, A-6010 Innsbruck, Austria
Cadmium enhances potassium conductance in cultured renal epitheloid
(MDCK) cells. The kidney is a main target organ for cadmium toxicity.
The present study has been performed to test for effects of cadmium on
electrical properties of cultured subconfluent kidney (MDCK) cells.
Cadmium leads to a rapid, sustained and reversible hyperpolarization of
the cell membrane, paralleled by an increase of the potassium selectiv-
ity and a decrease of the resistance. Thus, cadmium increases the
potassium conductance of the cell membrane. The half maximal effect
is elicited = 0.2
.LM, a concentration encountered during chronic
cadmium intoxication. At extracellular calcium concentration reduced
to less than 0.1 /LM, 5 /SM cadmium leads to a transient hyperpolariza-
tion, which can be elicited only once. High concentrations (50 sM) of
cadmium lead to a sustained hyperpolarization even at extracellular
calcium concentrations of less than 0.1 sM. According to fluorescence
measurements cadmium leads to an increase of intracellular calcium
activity, which is sustained at 1 mii and transient at less than I LLM
extracellular calcium activity. In conclusion, cadmium at low concen-
trations enhances the potassium conductance in a calcium dependent
way. The observations suggest that cadmium enhances intracellular
calcium both by recruitment from intracellular stores and by modifica-
tion of calcium transport across the cell membrane. At high concentra-
tions cadmium enhances the potassium conductance independently
from enhanced intracellular calcium activity.
Cadmium is well known as one of the major environmental
toxic materials. The heavy metal interferes with a great variety
of biological functions [reviewed in 1—5]. One of the main target
organs for cadmium toxicity is the kidney. Renal effects of
cadmium exposure include glomerular and tubular proteinuria,
enzymuria, aminoaciduria, altered renal handling of uric acid,
calcium, phosphate and distal tubular acidosis [reviewed in
2—51.
The present study has been performed to elucidate the effects
of cadmium on cultured renal epitheloid Madin-Darby canine
kidney (MDCK) cells [6—8]. MDCK cells are a permanent cell
line from a dog kidney [6, 8—11]. If grown to confluency, MDCK
cells exhibit transepithelial transport of fluid and solutes [12—
15]. Transport systems identified in confluent cell layers are a
sodium/hydrogen ion exchanger [16, 17] and a chloride conduc-
tance [18], a potassium conductance [19—21], a NaCl-KC1-
cotransport [22, 23] and a sodium/potassium-ATPase [12, 19].
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The monolayers are capable to both sodium reabsorption [10,
12, 14, 15] and chloride secretion [24, 25].
The same transport systems are expressed in subconfluent
MDCK cells: In those cells we have identified potassium
conductance [261, chloride conductance [27], sodium/hydrogen
ion exchange [28], NaCl-KC1 cotransport [27], sodium/potassi-
um-ATPase [26], and sodium/calcium exchange [28].
The potassium conductance is stimulated by intracellular
calcium in both confluent [21] and subconfluent [28, 29] MDCK
cells. Epinephrine [30], bradykinin [31], serotonin [32], nude-
otides [33, 341 and acetylcholine [35] stimulate potassium con-
ductance at least in part by increasing intracellular calcium
activity. Accordingly, the hormones hyperpolarize the plasma
membrane of MDCK cells.
In this study subconfluent MDCK cells were acutely exposed
to extracellular cadmium during continuous recording of cell
membrane potential with the use of intracellular microelec-
trodes. As a result, cadmium lead to a sustained hyperpolariza-
tion of the cell membrane. Further experiments revealed that
this hyperpolarization was due to an increase of the potassium
conductance and was paralleled by an increase of the intracel-
lular calcium activity.
Methods
Cell culture
MDCK cells from the American Type Culture Collection [7,
36] were used from passage 60 to 80. Serial cultures were
maintained in Dulbecco's modified Eagle's medium (DMEM)
with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100
p,g/ml streptomycin [37, 38], equilibrated with 95% humidified
air and 5% carbon dioxide at 37°C. After growing to confluency,
monolayers were dispersed by incubation in a calcium and
magnesium free, trypsin-EDTA containing, balanced salt solu-
tion (pH 7.4) [39], plated on sterile cover glasses, and incubated
again in the same medium as above for at least 48 hours. For
performance of the experiments, cover glasses with incom-
pletely confluent cell layers were mounted into a perfusion
chamber. A chamber volume of 0.1 ml and a perfusion rate of 20
ml/min allowed for complete fluid exchange within less than 0.5
seconds. Due to unstirred layers, however, the actual fluid
exchange at the cells was less rapid. Cell growth was assessed
from the increase of cell number within defined areas of the
culture dish from 12 to 48 hours after plating.
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Fig. 1. Growth of MDCK cells in the absence (control) and presence of
0.1, 1, 10 and 100 /.LM cadmium in the culture medium. Symbols are(• •) control; (O----Q) cadmium i0; (—A) cadmium l0;
(V----V) cadmium lOs; (LI- . -LI) cadmium (l0—). Number of cells is
expressed in percent of the number of cells 12 hours after plating.
Arithmetic means SEM from 15 different areas (5 different dishes) for
each series. The absolute number of cells 12 hours after plating and
immediately before addition of cadmium was (cells per mm2) 70 5, 68
4, 72 4, 71 4, and 73 3 in the control series and in the series
with 0.1, 1, 10 and 100 jsM cadmium, respectively.
Solutions and chemicals
The control bath perfusate was composed of (in mM): 114
NaCl, 5.4 KC1, 0.8 MgC12, 1.2 CaC12, 0.8 Na2HPO4, 0.2
NaH2PO4, 20 NaHCO3, 5.5 glucose. The solution was equili-
brated with 5% carbon dioxide and 95% air (pH 7.4) and kept at
37°C. Where indicated, KC1 was increased to 10 or 20 m at the
expense of NaC1. In some experiments CaCI2 was omitted and
a calcium activity of less than 100 flM was verified using a
calcium selective electrode.
Cadmium (Sigma, Munich, FRG), quinidine (Sigma), BaCI2
(Merck, Darmstadt, FRG) and epinephrine (Sigma) were added
at the concentrations specified in Results.
For test of cell viability, cells were stained with trypan blue at
a final concentration of 0.016%.
Electrophysiological measurements
Measurements of the potential difference across the cell
membrane (PD) were made using conventional microelectrodes
(tip diameter < 0.5 m, resistance 100 to 200 Mf, tip potential
<5 mV), back filled with 1 M KC1. The microelectrodes were
made by pulling filament containing borosilicate tubes (O.D. 1
mm, I.D. 0.5 mm, Hilgenberg, Malsfeld, FRG) and connected
with a high input impedance electrometer (FD223, WPI, New
Haven, Connecticut, USA). Measurements were referenced to
a grounded Ag/AgCl electrode connected with the bath via a
flowing 3 M KCI-Agar bridge. Impalements were made under an
inverted phase-contrast microscope (Invertoscop ID Zeiss,
Oberkochen, FRG), using a piezostepper (PM 20 N, Franken-
berger, Germering, FRG), mounted on a Leitz micromanipula-
tor (Leitz, Wetzlar, FRG). Measurements were performed on a
vibration-damped table. The potential differences were re-
corded on a chart recorder (BBC, Vienna, Austria). To deter-
mine the resistance of the microelectrodes before, during and
after micropuncture, square wave pulses up to 50 pA were
injected by a stimulator (Grass Instruments, Quincy, Massa-
chusetts, USA) and the voltage deflection was used to calculate
the input resistance. The input resistance was either the elec-
trode resistance, or during intracellular recording the sum of
electrode resistance and apparent cell membrane resistance.
The apparent cell membrane resistance was determined from
the difference between input resistance during impalement and
input resistance before and after the impalement. Due to the
high resistance of the microelectrodes (100 to 200 Mfl), the
contribution of the cell membrane resistance (40 MIl) to the
intracellular input resistance was only some 20 to 30%. The
calculation of absolute apparent cell membrane resistance could
thus be biased by any reversible alteration of microelectrode
resistance during impalement. The changes of cell membrane
resistance following application of cadmium, however, were
not affected by this bias. The apparent cell membrane resis-
tance was further biased by passage of current into neighboring
cells via gap junctions. To test for this possibility, three
microelectrodes were placed into three different cells of one cell
cluster. Current was injected through one rnicroelectrode and
the voltage deflection recorded in all three electrodes.
Experiments were accepted only if the impalements resulted
in rapid establishment of PD readings more negative than —40
mV, which were stable (±2 mV) for at least 30 seconds, and if
electrode resistance and potential were similar (±5 Mf,
mY) before and after intracellular recording.
The considerations and limitations underlying the calculation
of the apparent transference numbers have been discussed in
detail in previous papers [40, 41].
In short:
PD = (tk. EMFk) + (tr. EMFr) (1)
EMFr. tr accounts for electrogenic processes other than
potassium conductance. EMFk is the equilibrium potential for
potassium, which depends on intracellular (ci) and extracellular
(co) potassium concentration:
EMFk — (RT/zF) . ln{cilco]. (2)
A rapid increase of the concentration of potassium from co to
co' increases the EMF for potassium accordingly:
dEMF =
—(RTIzF)(ln[cilcoj — ln[cilco'])
= —(RT/zF)ln[co'/co] (3)
If all other variables are not affected by this maneuver, the
change of PD (dPD) is a measure of the respective transference
number (t):
t = dPD/dEMF (4)
The calculation is independent of the absolute values of any
of the above variables but is biased by any change of the
variables during step change of extracellular ion concentration.
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Fig. 2. Effects of 0.01, 0.1, 1 and 10 pii
cadmium in bath on the potential difference
across the cell membrane (PD). (Original
tracing). The spikes are voltage deflections
due to current injection via the electrode. The
magnitude of the spike reflects the input
resistance, that is, the sum of microelectrode
resistance and apparent cell membrane
resistance.
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Fig. 3. Dose response curve for cadmium. Hyperpolarization of the
cell membrane (dPD) as a function of cadmium concentration in the
bath. The data are given as arithmetic means SEM.
An increase of extracellular potassium concentration could
either directly or by its effect on cell membrane potential alter
intracellular ion activities or the conductance for this or the
other ions. In order to minimize alterations of intracellular ion
activities, we evaluated only the rapid phase of depolarization,
which takes less than five seconds due to the fast fluid exchange
(see above). Furthermore, the error introduced by altered
transference numbers could be minimized by increasing extra-
cellular potassium concentration to 20 mmol/liter. At this extra-
cellular potassium concentration, PD was close to the PD in the
presence of barium, that is, close to the PD in the absence of
potassium conductance. At this potential any alteration of tk
did not affect PD and the estimate of tk was reasonably accurate
1261.
Fig. 4. Effects of cadmium in bath on the potential difference across
the cell membrane (PD) and the voltage deflections caused by current
injections. (Original tracing). Three microelectrodes were impaled into
three different cells of one cell cluster and the respective potential
differences recorded continuously (PD1, PD2, PD3). The distance
between electrode 1 and 2 was 46 /.tm, the distance between electrode
1 and 3 281 m. Current pulses of 1 nAmp were injected via electrode
1. The deflections of PD2 and PD3 are due to passage of current to
neighboring cells via gap junctions.
Fluorescence measurements
To load the cells with fura2, incompletely confluent cell
layers were incubated for 45 minutes with 2.5 smol/liter fura2-
AM (Molecular Probes, Junction City, Oregon, USA and Cal-
biochem, Geneva, CH). After this period, the incubation me-
dium was removed and the cells were then incubated in DMEM
without FCS.
Measurements were made under an inverted phase-contrast
microscope (IM-35, Zeiss) equipped for epifluorescence and
photometry (Hamamatsu, Herrsching, FRG) [42). Light from a
xenon arc lamp (XB075, Osram) was directed through a grey-
filter (nominal transmission 3.16%, Oriel, Darmstadt, FRG), a
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340 nm interference filter (Halfwidth lOnm, Oriel) and a dia-
phragm, and was deflected by a dichroic mirror (FT425, Zeiss)
into the objective (Plan-Neofluar 63 x oil immersion, Zeiss).
The emitted fluorescence was directed through a 420 nm cut-off
filter to a photomultiplier tube (R4829, Hamamatsu). To reduce
the region from which fluorescence was collected a pinhole was
placed in the image plane of the phototubus (limitation to a
circular area of 60 m diameter).
Intracellular calcium concentration in nmollliter ([Ca2]) was
calculated from the observed fluorescence intensity of intracel-
lular fura2 (F), and the fluorescence intensity of calcium satu-
rated fura2 (Fmax) [43, 44], according to:
[Ca2] 225 [(F — 0.33 Fm)/(Fmax — F)] (5)
Fluorescence values were corrected for cellular autofluores-
cence: 225 nmollliter is the apparent Kd for calcium-fura2 at
cytoplasmatic ionic conditions [45], and 0.33 Fm is the fluo-
rescence intensity of the calcium free fura2 [45]. For determi-
nation of Fmax cells were exposed to 20 molIliter digitonin
(Sigma) in control perfusate.
Statistical analysis
The data are given as arithmetic means standard error of
the mean (sEM). Statistical analysis was made by paired t-test,
where applicable. Statistically significant differences were as-
sumed at P <0.05.
Results
As shown in Figure 1, the growth of subconfluent MDCK
cells was significantly retarded in the presence of cadmium at
concentrations higher than 0.1 M. However, with up to 10 M
cadmium the cells apparently recovered and resumed normal
growth within 12 hours of cadmium exposure. The cells did not
5.4 10 20
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Fig. 6. Cell membrane potential (PD) as a function of extracellular
potassium concentration in the absence (closed symbols) and presence
(open symbols) of 5 M cadmium in extracellular fluid. Dotted line
indicates equilibrium potential for potassium assuming an intracellular
potassium activity of 80 mri [261. Mean values SEM.
survive exposure to 100 LM cadmium, as evidenced from the
decline of cell number (Fig. 1). Furthermore, all cells exposed
to 100 /.LM cadmium stained with trypan blue, whereas staining
was negligible at cadmium concentrations of 10 jiM or less.
In the absence of cadmium, the potential difference across
the cell membrane averaged —53.1 0.7 mY (N = 61). Acute
administration of cadmium (1 jiM) lead to a sustained, but fully
reversible hyperpolarization of the cell membrane (Fig. 2). The
concentration required for half maximal effect was 0.2 jiM
(Fig. 3). The application of 1 jiM cadmium was followed by a
significant hyperpolarization from —52.2 0.9 to —68.5 1.1
mY (N = 43).
The apparent cell membrane resistance determined from the
reversible increase of input resistance upon impalement
amounted to 40 2 M[ (SD, N = 61). However, as shown in
Figure 4, current injected into a single cell lead to depolariza-
tion of neighboring cells. Thus the current was partially trans-
mitted to neighboring cells via gap junctions and the above
calculation yielded an underestimate of the real cell membrane
resistance. Cadmium (1 jIM) lead to a transient decrease of the
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Fig. 5. Effect of extracellular potassium concentration altered from 5.4
to 20 m on the potential difference across the cell membrane (PD),
both, in the absence and presence of 5 jul cadmium. Original tracing,
the spikes come from current injections (see Fig. 2). /
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Fig. 7. Effect of 5 pits cadmium in the
presence and in the absence of I m barium,
as well as effect of extracellular potassium
concentration altered from 5.4 to 10 mM on
the potential difference across the cell
membrane (PD). Original tracing, the spikes
come from current injections (see Fig. 2).
apparent cell membrane resistance from 38.7 2.2 to 27 2
Mil (N = 43). If this decrease would be the result of enhanced
gap junctional conductance, cadmium should increase the volt-
age deflections in neighboring cells. As shown in Figure 4, the
opposite was true. On average, the voltage deflection in neigh-
boring cells decreased by 67.1 5.9% (N = 10). Thus, it is safe
to conclude that cadmium enhanced the cell membrane conduc-
tance.
The cadmium induced hyperpolarization was paralleled by a
significant increase of the potassium selectivity of the cell
membrane: the depolarization of the cell membrane following
an increase in extracellular potassium concentration from 5.4
m to 10 m or 20 m, virtually doubled in the presence of
cadmium, that is, from +5.2 0.4 mY to + 12.3 0.7 mY (N
8) for steps from 5.4 to 10 m, or from +11.7 0.6 mY to
+22.4 1.1 mV (N = 15) for steps from 5.4 to 20 msi (Figs. 5
and 6). Accordingly, the apparent transference number for
potassium (tk), that is, the apparent contribution of the potas-
sium conductance to the cell membrane conductance increased
from 0.34 0.02 to 0.66 0.03. Since the cell membrane
resistance decreases, the hyperpolarization was thus the result
of enhanced potassium conductance of the cell membrane.
In experiments with prolonged application of cadmium the
potential difference increased from —53.9 1.8 mV to —70.2
1.5 mY within 30 seconds, and was still —66.7 1.3 mV within
three minutes (N = 12). After 24 hours exposure to 1 j.M
cadmium, the cell membrane was still significantly hyperpolar-
ized (—59.7 1.1, N = 10) and tk still significantly enhanced
(0.44 0.02). Subsequent removal of cadmium lead to a
significant depolarization to —53.2 1.2 mV (N = 10), and
reduction of tk to 0.37 0.02 (N = 10). Re-addition of 1 M
cadmium hyperpolarized the cell membrane significantly to
—59.9 1.7 mV (N = 9); addition of 10 M cadmium to these
cells hyperpolarized the cell membrane to —72.6 0.9 mY (N =
10) and increased tk to 0.84 0.04. Thus in cells chronically
exposed to 1 M cadmium the affinity to cadmium was reduced,
but the full response could be elicited by an increase of
cadmium concentration.
Potassium channel blocker barium (1 mM) depolarized the
cell membrane significantly to —35.8 2.4 mY (N 8), and
virtually eliminated the sensitivity of the cell membrane poten-
tial to alterations of extracellular potassium concentration
(+0.1 0.1 mV, N = 5). In continued presence of barium,
cadmium lead to a significant transient hyperpolarization of
—28.6 2.1 mV (N = 8). During this transient hyperpolarization
the cell membrane potential was again sensitive to alterations of
extracellular potassium (+ 14.6 1.9 mV, N = 5, for steps from
5.4 to 10 m extracellular potassium), despite the presence of
barium (Fig. 7).
As shown in Figure 8, quinidine depolarized the cell mem-
brane significantly to —1.4 0.6 mY (N 5) and virtually
abolished the hyperpolarizing effect of cadmium (—0.3 0.2
mV, N = 5).
Decrease of extracellular calcium activity below 0.1 M
depolarized the cell membrane significantly to —26.5 2.8 niV
(N = 13). During continued reduction of extracellular calcium,
5 /.LM cadmium lead to a significant transient hyperpolarization
of the cell membrane by —10.6 1.6 mY (N = 13) within 10
seconds, which could be elicited only once (Fig. 9). A second
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Fig. 8. Effect of 5 ps cadmium on the potential difference across the
cell membrane (PD), both, in the presence and in the absence of 1 mis
quinidine, Original tracing, the spikes come from current injections (see
Fig. 2).
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Fig. 9. Effect of 5 v cadmium on the
potential difference across the cell membrane
(PD), both, in the presence and in the
absence of extracellular calcium. In the
"nominally free" calcium solution, CaC12 was
omitted and a calcium concentration <0.1 JLM
was verified with the use of a calcium
sensitive electrode. Original tracing, the
spikes come from current injections (see Fig.
2).
Fig. 10. Effect of subsequent application of I
js epinephrine and of 5 /M cadmium at
extracellular calcium activity reduced to less
than 0.1 p.u on the potential difference across
the cell membrane (PD). Original tracing, the
spikes come from current injections (see Fig.
2).
Fig. 11. Effect of subsequent application of 5 p
cadmium and of I jisi epinephrine at
extracellular calcium activity reduced to less than
0.1 jiM on the potential difference across the cell
membrane (PD). Original tracing, the spikes
come from current injections (see Fig, 2).
application of 5 jiM cadmium did not alter the cell membrane
potential significantly (—0.3 0.3 mY, N 5). Thus, cadmium
fully mimicked the effect of epinephrine [30], which released
calcium from intracellular stores, and via activation of calcium-
sensitive potassium channels hyperpolarized the cell mem-
brane. To test whether the effects of cadmium and epinephrine
interfered, 1 jiM epinephrine was applied first and cadmium
second during continued reduction of extracellular calcium
concentration. As shown in Figure 10, epinephrine lead to a
significant transient hyperpolarization of the cell membrane by
—22.7 2.7 mY (N = 14). Subsequent application of 5 jiM
cadmium during continued reduction of extracellular calcium
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concentration was without significant effect on the cell mem-
brane potential (—2.2 1.0 mY, N 14). If, on the other hand,
cadmium was added first, epinephrine still elicited a significant
hyperpolarization by —15.8 1.6 mY (N 8, Fig. 11). As
shown in Figure 12, reduction of extracellular calcium concen-
tration in the presence of 5 jiM cadmium lead to a prompt
depolarization of the cell membrane. In this series, 5 jiM
cadmium hyperpolarized the cell membrane significantly from
—53.2 1.6 mY to —69.3 1.1 mV (N = 12) and subsequent
reduction of extracellular calcium depolarized the cell mem-
brane significantly to —35.0 3.5 mY (N = 12). Re-addition of
extracellular calcium in the continued presence of cadmium
hyperpolarized the cell membrane significantly to —67.0 1.4
mY (N = 10). Application of 50 jiM cadmium at reduced
extracellular calcium concentration lead to a rapid, significant
transient hyperpolarization by —13.0 2.3 mV (N = 6),
followed by a significant sustained hyperpolarization by —17,6
3.1 mY (N = 7, Fig. 13).
According to fluorescence measurements, intracellular cal-
cium activity was 88 6 nM (N = 22) in the absence of
cadmium. Addition of 5 jiM cadmium to extracellular fluid
increased intracellular calcium activity significantly from 98 9
flM to 702 107 nM (N = 11, Fig. 14). Reduction of extracel-
lular calcium activity decreased intracellular calcium activity
significantly from 79 8 flM to 35 9 nM (N = 11). Subsequent
application of cadmium lead to a significant transient increase of
intracellular calcium activity to 198 28 nM (N = 11, Fig. 15).
A second application of cadmium at continuously reduced
extracellular calcium did not significantly increase intracellular
calcium activity (+7 9 nrsi, N = 7).
Discussion
The cell membrane potential and apparent cell membrane
resistance in the absence of cadmium are similar to the respec-
tive values reported previously for both, confluent [46] and
subconfluent [26] MDCK cells.
The present observations show that cadmium enhances the
potassium conductance of the cell membrane, leading to hyper-
polarization, an increase of the potassium selectivity of the cell
membrane and a decrease of the cell membrane resistance. The
potassium conductance of the cell membrane in both the
absence and prolonged presence of cadmium is inhibited by
barium and quinidine. Quinidine depolarizes the cell membrane
far more markedly than barium. Probably the effect of quinidine
is not confined to the inhibition of potassium channels. Barium
does not prevent a transient enhancement of potassium conduc-
tance shortly following application of cadmium, but appears to
block the activated potassium channels with delay. Quinidine
completely abolishes the hyperpolarizing effect of cadmium.
At low cadmium concentrations, the effect of cadmium
depends on calcium, that is, in the continued absence of
extracellular calcium, cadmium leads to a transient hyperpolar-
ization, which can be elicited only once. This observation
points to the capacity of cadmium to release calcium from
intracellular stores. Furthermore, it appears that the stores are
depleted following application of cadmium. Thus, cadmium
mimicks the effect of hormones such as epinephrine [30],
acetylcholine [35], bradykinin [31] and nucleotides [33, 34, 47],
which, similar to cadmium, lead to a single, transient hyperpo-
larization of the cell membrane in cells exposed continuously to
low extracellular calcium activities. If epinephrine and cad-
mium had access to the same intracellular stores, the effect of
cadmium should be blunted by prior application of epinephrine
at low extracellular calcium activity. As illustrated in Figure 9,
the effect of cadmium is virtually abolished under these condi-
tions. On the other hand, the effect of epinephrine is not
abolished by prior application of cadmium at low extracellular
calcium. Possibly, cadmium is not able to fully deplete the
intracellular calcium stores for epinephrine. However, addi-
tional experiments are required to elucidate the interaction of
cadmium and epinephrine. The fluorescence measurements
support the conclusion that cadmium is able to enhance intra-
cellular calcium activity. The effect is indeed sustained at 1 mM
and transient at <100 flM calcium activity in extracellular fluid.
If cadmium enhanced fluorescence by entering the cells and
direct interaction with the dye, the effect of cadmium would not
be transient in the absence of extracellular calcium. It cannot be
ruled out, however, that the transient nature of hyperpolariza-
tion and increase of intracellular calcium activity is due to
mechanisms other than depletion of intracellular calcium
stores. The sustained hyperpolarization induced by low cad-
mium concentrations in the presence of extracellular calcium
cannot be explained by release of intracellular calcium alone,
but rather points to altered calcium transfer across the cell
membrane.
In other tissues, cadmium has been shown to displace cal-
cium from intracellular proteins [48], to release calcium from
mitochondria [49], to inhibit calcium ATPase and Na/Ca2
exchange [50, 51], and to impair degradation of calcium mobi-
lizing intracellular messenger inositol 1 ,4,5-trisphosphate [52].
On the other hand, cadmium inhibits calcium channels [53] and
impairs inositol 1 ,4,5-trisphosphate action [54, 55], effects
which reduce intracellular calcium activity. The rapid depolar-
ization of the cell membrane upon reduction of extracellular
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Fig. 12. Effect of reducing extracellular calcium activity to less than
0.1 p in the presence of 5 JiM cadmium on the potential difference
across the cell membrane (PD). Original tracing, the spikes come from
current injections (see Fig. 2).
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Fig. 14. Effectof5 js cadmium on intracellular calcium activity in the
presence of extracellular calcium. Original tracing.
calcium in the presence of cadmium suggests that cadmium
does not effectively block calcium extrusion across the cell
membrane but rather stimulates calcium entry in MDCK cells.
High concentrations of cadmium lead to a sustained hyper-
polarization of the cell membrane even in the absence of
extracellular calcium. Possibly, at high extracellular cadmium
concentrations, sufficient cadmium enters the cell to directly
activate potassium channels even though cadmium entry into
the cells appears to be slow [56]. Potassium channels stimulated
by either calcium or cadmium from the intracellular side have
been observed in aplysia neurons [57].
The concentration of cadmium required for its hyperpolariz-
ing effect is within the range of extracellular cadmium concen-
trations observed, following cadmium exposure [58]. Thus, the
effect may contribute to cadmium toxicity, and the present
observations may cast new light on some consequences of
cadmium intoxication [3—5, 59, 60].
Fig. 13. Effect of 50 piti cadmium on the
potential difference across the cell membrane
(PD) at extracellular calcium activity reduced to
less than 0.1 asi. Original tracing, the spikes
come from current injections (see Fig. 2).
I-
1 mm
Fig. 15. Effect of5 jsM cadmium on intracellular calcium activity in the
nominal absence of extracellular calcium. Original tracing.
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